
40. 

.. 
. ". 

INITIATION OF DETONATION BY "~NCIDENT SHOCK WAVES 

I N  HYDROGEN-OXYGEN-ARGON MIXTURJ3S 

G.B.  Skinner 
Wright S t a t e  Campus, Dayton, Ohio 

G .  Muel ler ,  U .  Grim and  K .  Sche l l e r  . 
Aerospace Research Labora tor ies  , Wright-Patterson A i r  Force 

, Base, Ohio 

INTRODUCTION 

The s t eps  involved i n  t h e  i n i t i a t i o n  of detonat ion by inc id-  
I n  en t  shock waves have been ou t l ined  by Strehlow and Cohen 

t h e i r  words, "An exothermic r eac t ion  occurr ing i n  a s m a l l  region 
o f  a flcwing gas causes  an increase  i n  the  l o c a l  pressure  . .. . 
Since t h i s  region i s  subsonic the pressure  increase  w i l l  propagate 
t o  t h e  f r o n t  and inc rease  the  v e l o c i t y  of t he  f r o n t ,  thereby in -  
c reas ing  the  temperature of the  next element of gas heated by 
shock compression. This  process  i s  s e l f - a c c e l e r a t i n g  and i n  gen- 
e r a l  e s t eady- s t a t e  wave w i l l  not be obtained u n t i l  t he  wave i s  
t r a v e l i n g  at o r  above t h e  Chapman-Jouguet v e l o c i t y  for t he  mixture ." 

For d i l u t e  hydrogen-oxygen-argon mixtures ,  i g n i t i o n  induct-  
ion  t imes ranging from microseconds t o  mi l l i seconds  can be obtained 
over a range of temperatures ( 2 , 3 ) .  I n  a shock tube equipped with 
seve ra l  velocity-measuring s t a t i o n s  , we have shock-heated such mix- 
t u r e s  t o  temperatures a t  which induct ion  t imes are a few mi l l i s ec -  
onds long ,  and observed i n  considerable  d e t a i l  t h e  process  by which 
t h e  r eac t ion  wave, i n i t i a t e d  seve ra l  meters behind the  shock wave, 
overtakes and couples wi th  the  shock wave. 

E a r l i e r  measurements (4,5,6) have ind ica t ed  t h e  increase  i n  
shock ve loc i ty  due t o  coupl ing  of t h e  r e a c t i o n  t o  the  shock wave, 
but have not  shown many of t h e  d e t a i l s  of t h e  process .  Strehlow 
and co-*xorkers (1,7,8) have made ex tens ive  s t u d i e s  of i n i t i a t i o n  

C A U L I I C I I I I L L  i e a c i i o n s  benind r e f l e c t e d  shock waves. Oppenheim, 
Laderman, and Urtiew ( 9 , l O )  have repor ted  ex tens ive  s tud ie s  on 
t h e  i n i t i a t , i o n  of de tona t ions  i n  gaseous mixtures where the  ign i -  
t i o n  source was a spark ,  a flame , or a hot  wi re .  

(1). 

,,C ^--^&I---- 1 -  

. 1 .  . ,  . . . 

. .  



41. 

EXPERIMENTAL 

A square shock tube 7.62 cm. on a s ide  was used .  This  had a 
d r i v e r  gas sec t ion  1.83 meters long and a sample gas  sec t ion  6.10 
meters long.  Diaphragms were of 1 . 2 2  mm. t h i c k  aluminum, s c r i b e d  
diagonal ly  s o  t h a t ,  when they b u r s t ,  four  t r i a n g u l a r  s ec t ions  would 
f o l d  back, one along each s ide  of the  tube .  A i r  w a s  used as d r ive r  
gas .  

a t  the  desired pressure  (below the  bu r s t ing  pressure  of the  diaph- 
ragm), then the diaphragm was ruptured by a plunger .  This permit t -  
ed c lose  con t ro l  (about 0.5%) over the  d r i v e r  gas p re s su re .  

num heat  t r a n s f e r  gauges f o r  ve loc i ty  and hea t  t r a n s f e r  measurements, 
and with SLM Model 603 p iezoe lec t r i c  gauges ( K i s t l e r  Instrument 
Corporation , Clarence , New York) f o r  pressure  measurements. The 

When a run was made, the a i r  w a s  added t o  the  d r ive r  sec t ion  

The sample gas  s ec t ion  w a s  instrumented with th in - f i lm  p l a t i -  

pos i t i ons  of these gauges w i t h  r e spec t  t o  the diaphragm a r e  l i s t e d  
i n  Table I .  . 

Table I 

Pos i t ions  of Gauges with Respect t o  Shock-Tube Diaphragm 
Gauge Distance Downstream from 

Diaphragm, Meters 

Heat t r a n s f e r  No. 1 3.2004 
Heat t r a n s f e r  No. 2 

4.6482 
Heat t r a n s f e r  No. 
Heat t r a n s f e r  No. 
SLIM No. 1 

3 : E;: 
4.6991 

Heat t r a n s f e r  No.13 4.6991 
Heat t r a n s f e r  No. 5 4.8006 
Heat t r a n s f e r  No. 6 4 .go22 

Heat t r a n s f e r  No. 7 5.0038 

Heat t r a n s f e r  No.10 5.3086 
Heat t r a n s f e r  No.11 5.3594 

.? 

SLM No. 2 4.9530 

Heat t r a n s f e r  No. 8 5.1054 
Heat t r a n s f e r  No. 9 5.2070 

Heat t r a n s f e r  No.12 5.9690 
Heat t r a n s f e r  gauges 1, 2 ,  and 3, and SIN gauge 1 were mounted on 
the s ide  of the  tube;  the o the r s  were on the  top.  Heat t r a n s f e r  
gauge 1 3  was used to measure the r a t e  of hea t  t r a n s f e r  from the gas 
t o  the  w a l l .  The time base f o r  a l l  ve loc i ty  measurements was a Tek- 
t ron ix  Model 1 8 0 A  time-mark genera tor .  Outputs from the  piezoelec-  
t r i c  gauges were fed  i n t o  charge a m p l i f i e r s ,  then recorded using a .  
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/ 
Tektronix Model 555 osc i l l o scope .  The p i e z o e l e t r i c  gauges were 
c a l i  br ate d s t a t i c  a1 l y  aga ins t  a p r e  c i s i  on l abor  at  ory p re s  sure  
gauge. 

t 
I n  the  temperature range under s tudy ,  the  induct ion  time f o r  1 

RESULTS 

i g n i t i o n  of a hydrogen-oxygen-argon mixture v a r i e s  r a p i d l y  with -. 
temperature .  Accordingly,  a good many experiments were necessary 
t o  determine the  condi t ions  needed t o  br ing  about coupling of the  
r eac t ion  a n d  shock waves i n  the r i g h t  p a r t  of t he  tube.  This point  
i s  i l l u s t r a t e d  by the  d a t a  of Figure 1, which apply t o  a gas  mix- 
t u r e  containing approximately 4% H2 and 2% 02 by volume i n  argon. 

With sample p re s su res  above about 0.086 a t m .  , the  v a r i a t i o n  
of shock speed wi th  sample pressure  i s  as one would expect when 
no chemical r eac t ion  i s  occurr ing .  In the  sample pressure  range 
of 0.082 t o  0.086 a t m .  , the  shock speed reaches a high value as 
the  r eac t ion  wave ca t ches  up t o  t h e  inc iden t  wave. For lower sample 
p re s su res ,  the r e a c t i o n  has coupled t o  the shock wave before  the  
wave reached the  measuring s t a t i o n .  The e f f e c t s  of s m a l l  d i f f e r -  
ences i n  i n i t i a l  p re s su re ,  and of o t h e r  minor va r i ab le s  such as 
the  speed of diaphragm r u p t u r e ,  a r e  shown by t h e  th ree  d i f f e r e n t  
shock speeds measured f o r  presumably i d e n t i c a l  runs at 0.084 a t m .  
Complete data  f o r  t hese  th ree  runs show t h a t  i n  one case  t h e  peak 
shock speed occurred before  hea t  t r a n s f e r  gauge 8,  i n  one case be- 
tween gauges 8 a n d  g ,  a n d  i n  the  o t h e r  case  after gauge g .  

I 
, , 

I 
A complete set  of data f o r  the  run t h a t  gave the  h ighes t  ve l -  

oc i ty  i n  Figure 1 i s  shown i n  Figures  2 and 3 .  The d a t a  of Figure 
3 have been redrawn from t h e  o r i g i n a l  osc i l loscope  records i n  order  
t o  have the  same time s c a l e  for all t h e  records ,  and t h e  same pres-  
sure  s c a l e  f o r  the  p re s su re  records .  

approximately 6s Ha and 3$ 02, and 8% HB, and 4% 02. 
mixtures , of cour se ,  t h e  energy r e l e a s e  by chemical r eac t ion  w a s  
g r e a t e r  than f o r  t he  f i rs t  mixture s tud ied ,  and  the pressure  and 
ve loc i ty  e f f e c t s  correspondingly more pronounced. Data f o r  a run 
with the more concent ra ted  mixture a r e  shown i n  Figures 4 and 5. 

S imi la r  sets of d a t a  were obtained f o r  gas  mixtures containing 
For these  

DISCUSSION - 
The da ta  presented  i n  Figures  2 t o  5 can b e s t  be r e l a t e d  by 

drawing wave diagrams f o r  each experiment.  S u f f i c i e n t  d a t a  a re  
ava i l ab le  t o  draw reasonably complete wave diagrams, which a r e  
given i n  Figures 6 and 7. l 

The procedure f o r  drawing Figure 6 w a s  as fo l lows:  From Figures 
1 and 2 it  can be seen t h a t  t h e  f i rs t  v e l o c i t y  measurement of Figure c 
2 corresponds t o  a shock wave unaf fec ted  by chemical r eac t ion .  

\I 

6 
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Therefore,  tk shock v e l o c i t y  from the  diaphragm t o  hea t  t r ans -  
f e r  gaube 2 -;ill be constant  (neg lec t ing  diaphragm opening e f f e c t s  
and a t t e n u a t i o n )  a t  a v e l o c i t y  of approximately 870 meters/sec.  
(The shock speed t h a t  i s  ca l cu la t ed  from t h e  p re s su res  of sample 
2nd d r i v e r  gas ,  by means of Markstein 's  g raph ica l  method (ll), i s  
830 meters/sec . , i n  c lose  agreement . )  I f  t he  diaphragm opening 
time i s  taken a s  0 ,  t he  inc iden t  shock wave w i l l  reach heat  t r ans -  
f e r  gauge E i n  4.38 mil l iseconds ( p o i n t  A of Figure 6 ) .  From t h i s  
po in t  on, the  times t o  reach var ious po in t s  on the  tube a re  given 
d i r e c t l y  bJ t he  d a t a .  

) 

1 

J 
It i s  evident  from the  slow r i s e  i n  shock speed between 3.5 

i Centle p re s su re  wave t h a t  t r a v e l s  through the  shock-heated gas 
, r i t h  ve loc i ty  u + a ,  where u i s  t h e  flow v e l o c i t y  behind the  shock 

ave (551 mete r s l sec )  and a i s  t h e  speed of sound i n  the  heated 
_as (557 meters /sec) .  4ccordingly,  a c h a r a c t e r i s t i c  l i n e  with 
u i- a ,  of 1108 meters /sec.  can be drawn back from Point  A ,  t o  r e -  
p re sen t  t h e  pa th  of t h i s  f i r s t  pressure wave that  communicates 
eiierLj from the  r eac t ion  t o  tk shock wave. 

1 and 4 .9  meters (Figure 2) t h a t  t h e  chemical r e a c t i o n  f i rs t  produces 

4 

The o r i z i n  of t h i s  wave i s  undoubtedly near  t h e  driver-sample 
i n t e r f a c e ,  a t  which i s  loca t ed  t h e  p a r t  of t h e  gas sample t h a t  was 
heated f i r s t  (po in t  B of Figure 6 ) .  It i s  apparent t ha t  t he  ign i -  
t i o n  induction time was about 2 mil l iseconds,  o r  a l i t t l e  l e s s  i f  
i t  i s  considered t h a t  some of t he  sample next  t o  t h e  diaphragm w i l l  
be cooled by d r i v e r  gas and not  r e a c t .  The c a l c u i a t e d  temperature 
behind the  inc iden t  shock wave i s  880'~., and t h e  p re s su re  0.68 atm. 

From Point B the  r eac t ion  f r o n t  f i r s t  appears as a l i n e  pa ra l -  
l e l  t o  t h e  i nc iden t  shock wave. That i s ,  once the  gas has been 
h e i t e d  f o r  2 mil l i s econds ,  i t  s t a r t s  t o  r e a c t .  However, as pres-  
su.re -;raves from the  r eac t ion  inc rease  t h e  inc iden t  shock speed, 
they a l so  increase u and a behind the  shock wave. This means, f i r s t ,  
t h a t  the i z n i t i o n  induc t ion . t imes  of successive elements of the  gas 
become s h o r t e r ,  s o  t h a t  the  v e l o c i t y  of t he  r e a c t i o n  wave exceeds 
tbac  of t h e  shock. wave, and second, t h a t  p re s su re  waves can catch 
up x i t h  waves sen t  out previously,  thereby gene ra t ing  a shock wave. 
The formation of t h i s  second shock wave i s  shown i n  Figure 3 .  It 

inning t o  form a s  it passed S M  gauge 1, and was b e t t e r  
rJassed SLN gavge 2 .  The average v e l o c i t y  i n  the  i n t e r -  

v a l ,  1z40 mecers,.,sec., i s  j u s t  a l i t t l e  g r e a t e r  than u + a ,  as  one 
-:!auld expect f o r  a !.reak shock wave. Once t h e  two waves coa le sce ,  
t i le tenperature  behind the  wave i s  c lose  t o  ZOOO'K., a t  which temp- 
er?.tij.:.e t h e  induct ion time i s  about 20 microseconds ( 2 , 3 ) .  By t ; : i s  
t i n e ,  then , t h e  r eac t ion  wave is .  c lose  behind t h e  shock wave, as 
~i-~ot.,rn i n  Fi;u.i-e ', . ' 

The xave dia;;rm. f o r  t he  more concentrated gas mixture ,  Fig- 
u re  7, i s  s i m i l a r  i n  many ways t o  Figure 6. One no tab le  d i f f e rence  
is t h a t  t h e  f i r s :  evidence of chemical r e a c t i o n  t o  reach the  incid-  
en-; s3ock. xave :.;as a well-developed second shock wave, of v e l o c i t y  
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2080 meters/sec . , 'which had overtaken and ass imi la ted  weak pres-  
sure  waves sen t  out ear l ier  when reac t ion  s t a r t e d .  The f a c t  t h a t  
the shock wave had the  same shape at the  two pressure  measuring 
s t a t i o n s  suggests t h a t  t h i s  i s  a detonat ion wave i n  the  gas  which 
had been preheated t o  830°K., compressed t o  0.79 a t m . ,  and accel-  
e r a t ed  t o  555 meters /sec.  by the  inc ident  shock wave. A ca lcu l -  
a t i o n  of the  detonat ion p r o p e r t i e s  made by s tandard methods (12)  
gave the following data, which a r e  compared t o  the  experimental  
measurements. 

Prope r t y  Ob s e rve d Calculated - 
Detonation ve loc i ty  1,525 meters/sec . 1,465 meters/sec . 
r e l a t i v e  t o  unreact-  
ed gas 

Detonation pressure 4 . 6  atmospheres 5.7 atmospheres 

Temperature a f t e r  - 
r e a c t  ion  

2 ,TOO"K 

The agreement, while no t  h ighly  accura te ,  i s  s u f f i c i e n t l y  c lose  
t o  confirm the i d e n t i t y  of t he  wave. 

wave s t a r t e d ,  nor  where i t  caught up with the  f i r s t  pressure  wave 
from the r eac t ion  zone. Two extreme cases  can be considered.  

1. The detonat ion wave formed as soon as r eac t ion  started,  so a 
l i n e  drawn back from the  i n t e r s e c t i o n  of the detonat ion wave 
w i t h  the  inc iden t  shock wave (Poin t  C of Figure 7)  with a s lope  
corresponding t o  2080 meters/sec i n t e r s e c t s  t he  driver-sam l e  
i n t e r - f a c e  a t  the  p o i n t  of i n i t i a l  r e a c t i o n ,  a t  a time of E.9 
mi l l i seconds .  

The data f o r  t h i s  run do not  i nd ica t e  where the  detonat ion 

2 .  - T k  detonat ion wave -overtook the f i r s t  p ressure  wave from- the_- _ _  
r eac t ion  j u s t  before  t h e  l a t t e r  reached SUI gauge 1, SO t h a t  a 
c h a r a c t e r i s t i c  drawn back from t h e  de tona t ion  wave a t  t h i s  po in t ,  
w i t h  a slope corresponding t o  a u + a of 1110 meters/sec. ,  i n t e r -  
s e c t s  the driver-sample i n t e r f a c e  a t  the  po in t  of i n i t i a l  reac-  
t i o n ,  a t  a time of 3 .2  mi l l i seconds .  The wave diagram has ac tu-  
a l l y  been drawn half-way between these  two extremes, on the  
assumption that  t h e  induc t ion  time was 4 .0  mi l l i seconds .  

The f x t  that the  speed of t h e  inc iden t  shock wave goes through 
a maximum value as the r e a c t i o n  wave couples t o  i t ,  than l a t e r  de- 
c reases  somewhat, i s  t o  be expected from t h e  mechanism of the  pro- 
c e s s .  Since no r e a c t i o n  occurs during the  f i r s t  few mi l l i seconds ,  
the  r a t e  of energy r e l e a s e  by chemical r eac t ion  reaches a t r a n s i e n t  
maximum value s i g n i f i c a n t l y  above the  normal r a t e  as t h e  r eac t ion  
wave catches up with the shock wave. 
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More q u a n t i t a t i v e l y ,  the ve loc i ty  of a shock wave w i t h  hea t  
r e l ease  can be c a l c u l a t e d ,  and t he  ca l cu la t ion  g ives  a value lower 
than the  m a x i m u m  ve loc i ty  of Figure 2 .  We have used Marks te in ' s  
g raphica l  method (11) i n  these  ca l cu la t ions  a l s o .  With reference 
t o  the  experimental condi t ions of Figure -2, i f  the  induct ion  time 
was zero  an ordinary-looking shock wave would be obta ined ,  w i t h  
a ve loc i ty  of 1110 meters /sec. ,  a pressure  of 0.75 a t m . ,  and a 
temperature of 1460'K [compared t o  c a l c u l a t e  values  of 880 meters/ 
s e c . ,  0.71 atm and 890 K when no r eac t ion  occur s ) .  The shock vel-  

, o c i t y  of 1110 meters /sec.  would be reached eventua l ly  i n  our exper- 
L~ iment with an induct ion time, i f  the tube were long enough and 

a t t enua t ion  could be neglec ted .  Once t h i s  s teady s i t u a t i o n  was 
reached the pressure  would be uniform from the  shock f r o n t  t o  the  
d r i v e r  gas expansion reg ion .  

When the same type of c a l c u l a t i o n  i s  made f o r  t h e  gas  mixture 
conta in ing  more hydrogen and oxygen, corresponding t o  Figures  4 
and 5 ,  i t  i s  found t h a t  the a i r  d r i v e r  i s  not  capable  of maintain- 
i n g  s u f f i c i e n t  flow ve loc i ty  t o  keep the  pressure  cons tan t  behind 
the  inc ident  shock wave When r eac t ion  occurs .  The f i n a l  s teady 
s t a t e  wave would, therefore ,  have an appearance between a shock and 
an ordinary detonat ion wave, w i t h  some drop i n  p re s su re ,  tempera- 
t u r e  and flow v e l o c i t y  behind the  shock f r o n t .  
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Sam pie Pie ssu r e, Atmospheres 

I 

Figure 1. Inc ident  shock speeds measured between hea t  
t r a n s f e r  gauges 8 and 9 for a gas mixture conta in ing  
&.33$ HZ and 1.88% 02 by volume i n  argon. Driver gas 
17.0 atm. of a i r .  

. .  . 
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